We studied the effect of extended defects on electrical characteristics of Si doped n-type nonpolar a-plane GaN films. The n-type GaN layers were grown on co-loaded reduced defect density sidewall lateral epitaxial overgrowth (SLEO) a-plane GaN templates and high defect density planar a-plane GaN templates by metalorganic chemical vapor deposition (MOCVD). The highest conductivity value was observed at the carrier concentration of 1.05 × 10 19 cm −3 as 261.12 cm 2 /Vs for SLEO a-GaN and 106.77 cm 2 /Vs for the planar a-plane GaN samples. At the same doping level, the carrier compensation for SLEO samples was ∼12% less than planar samples.
I. INTRODUCTION
When nitrides grown along nonpolar directions, such as a-(1120) and m-(1100) planes, it is possible to eliminate polarization fields and polarization related detrimental effects and establish the transitions between conduction and valance bands with flat-band conduction in nonpolar quantum wells. [1] [2] [3] However, in nonpolar III-nitride epitaxial films, the extended defect densities are fairly high. The main extended defects are threading dislocations (TD) and stacking faults (SF) in current state-ofthe-art nonpolar GaN films. Planar a-(1120) plane GaN films have at least 1-2 orders of magnitude higher TD densities compared with planar c-(0001)-plane GaN films. Planar c-plane GaN films can be grown at atmospheric pressures, while planar a-GaN films have to be grown at low pressures (<76 Torr). Over 76 Torr, surface faceting and degradation in crystal quality was unavoidable, and over 300 Torr, there was no dominant a-plane GaN surface present. 4 The range of metalorganic chemical vapor deposition (MOCVD) growth parameters to sustain planar a-plane films (growth "window") is narrow and highly sensitive to changes in growth variables, such as reactor pressure and precursor flow rates. The limited growth window of a-plane films was associated with presence of high defect densities. Being restricted in the low-pressure regime for a-plane GaN creates the risk of incorporating unintentional carbon impurities. Unintentional incorporation of such an impurity in GaN can cause carrier compensation when it is a shallow acceptor, degrading electrical and optical characteristics of the devices. It was proved that carbon is the main reason for carrier compensation because it acts as acceptor in nitrogen vacancy sites, C N . 5 with a residual acceptor concentration of ∼(1-2) × 10 18 cm −3 . The low-pressure growth conditions required to obtain coalesced a-plane GaN promoted carbon incorporation into the films at ∼(8-9) × 10 17 cm −3 . Therefore at doping levels below ∼(1-2) × 10 18 cm −3 , the films were highly resistive. In 2005, Kusakabe et al. 7 reported mobility values of 220 cm 2 /Vs for an electron concentration of 1.1 × 10 18 cm −3 . In addition to carbon, defects, such as dislocation related states and Ga vacancies, in the material can be held accountable for compensation. Also, at higher carrier concentrations these impurities and defects act as scattering centers, further degrading the Hall mobilities. 8, 9 TDs act as nonradiative recombination centers, i.e., they behave as acceptors in n-type material and as donors in p-type material with acceptor-and donor-like localized traps. 10 They also act as carrier charge sinks, causing ineffective doping.
11 Therefore, it is essential to reduce these defect densities and electrically characterize them to improve on device performance.
In this article, we aim to demonstrate the effect of extended defect densities on electrical performance of nonpolar a-plane GaN. We used the sidewall lateral epitaxial overgrowth (SLEO) method to reduce TD and SF densities. 12 Essentially, SLEO is a technique to reduce the extended defect densities in nonpolar III-nitrides in a single regrowth by employing lateral overgrowth from sidewalls of an etched nitride through the mask openings. This method combines the advantages of the well-known single-step LEO 13 and two-step LEO 14 techniques. SLEO a-plane GaN films had threading dislocation (TD) density of ∼(10 6 -10 7 ) cm −2 and SF density of ∼(10 3 -10 4 ) cm −1 while planar a-plane GaN films had TD density of ∼2 × 10 10 cm −2 and SF density of ∼3.5 × 10 5 cm −1 .
II. EXPERIMENTAL METHODS
To investigate the effect of reduced defect densities on electrical characteristics and to make a relative comparison side-by-side, planar and SLEO a-plane GaN templates were co-loaded for regrowth of n-doped layers. The planar and SLEO films were grown as described in Refs. 4 and 13, respectively. The SLEO templates were already highly doped with Si because of the presence of underlying SiO 2 mask media during SLEO overgrowth. To isolate these doped templates, a ∼1-m-thick GaN:Fe insulation layer was grown prior to the Si-doped layer as shown in Fig. 1(a) . Following which, a ∼0.5-m GaN:Si layer was grown by varying disilane (Si 2 H 6 ) flows between 0.2 and 1.5 sccm, which corresponded to Si/Ga ratio of 2.75 × 10 −5 to 2.06 × 10 −4 . For all samples, the growth variables were kept constant at a growth temperature of 1130°C, 25 sccm Cp 2 Fe and 22 sccm TMGa, 1 slpm NH 3 , and 12 slpm total flows. H 2 was used as carrier gas.
After n-type samples were grown with a Thomas Swan close-spaced vertical rotating disk MOCVD reactor, Van der Pauw patterns for Hall measurements and transferlength method (TLM) patterns [ Fig. 1 3000 Å) was deposited by using an e-beam. Then, square mesa structures, with junction areas of 104 m 2 , were etched with Cl 2 -based reactive-ion etching (RIE) and isolated.
The mask was specially designed to measure anisotropic conductivity for 0 to 90°from the designated azimuth. As shown in Fig. 1(b), for nonpolar a-(1120) plane samples 0°was designated for m-〈1100〉 azimuth, therefore the c-〈0001〉 azimuth was aligned with 90°TLM patterns. The angular dependence of TLM patterns was useful to understand the dynamics between the defects and the electrical characteristics.
The electrical properties of the n-type GaN layers were characterized at room temperature by Hall measurements using Van der Pauw patterns and TLM measurements. The Si concentration in the films was determined using secondary-ion mass spectroscopy (SIMS) measurements with high-resolution spectroscopy tools at Charles Evans and Associates (Redwood City, CA). Table I summarizes the SIMS, Hall, and TLM results for planar and SLEO a-GaN samples. The SIMS results revealed that both types of samples incorporated similar amounts of Si in the material for a given DiSi flow, and there was a linear increasing trend with increase in DiSi flow. However, the ionization, active carrier concentration, for the SLEO sample was in average ∼7% more than planar samples [ Fig. 2(c) ]. Figures 2(a) and 2(b) show the change in mobility and resistivity values with respect to change in carrier concentrations for planar and SLEO films. As a general trend, mobility values for both planar and SLEO films were linearly increasing with different slope coefficients, and the resistivity values demonstrated an inversely proportional trend with carrier densities. The lowest mobility value observed was ∼64 cm 2 / Vs for SLEO a-GaN at Hall concentration of 3.4 × 10 18 cm -3 . Same mobility value was observed at higher carrier concentration (5.5 × 10 18 cm −3 ) for planar a-GaN films. The planar samples with Hall concentrations lower than 5.5 × 10 18 cm −3 were compensated and highly resistive; the SLEO samples, on the other hand, were less compensated while still measuring high resistivity values at lower carrier densities. If the impurities, such as carbon, were held accountable for n-type compensation in GaN, then this is the evidence for reduced impurity incorporation in the material due to reduced defect densities.
III. RESULTS AND DISUSSION
The highest mobility observed, at the carrier concentration of 1.05 × 10 19 cm −3 and the Si/Ga ratio of 2.06 × 10 −4 , was 261.12 cm 2 /Vs for SLEO a-GaN and 106.77 cm 2 /Vs for the planar a-plane GaN samples. However, for the same carrier concentration and Si/Ga ratio the carrier compensation for SLEO samples was ∼12% less than planar a-GaN. At this carrier concentration, the percent ionizations for SLEO and planar films were ∼87% and ∼75%, respectively. Previously, Craven et al. 6 obtained the highest mobility at 109 cm 2 /Vs for a carrier concentration of 1.8 × 10
19 cm −3 in planar a-GaN samples grown on a-plane SiC, which was comparable to what we found for planar a-GaN films. Therefore, relative to planar films, SLEO a-GaN films had 2.5 times higher mobilities due to reduced compensations and electron scattering sites, such as defects and impurities. In 2005, Kusakabe et al. 7 reported mobility values of 220 cm 2 /Vs at carrier concentration of 1.1 × 10 18 cm −3 for n-doped a-plane GaN. Therefore, so far, the mobility value that we report here for n-doped nonpolar a-plane SLEO GaN samples has been the highest in the literature at a given carrier concentration of 1.05 × 10 19 cm −3 . Figure 3 demonstrates the angular dependence of conductivity in planar and SLEO a-GaN. In planar samples, the lowest resistivity was obtained along the c-azimuth and at 90°apart along the m-azimuth the resistivity was highest. When the resistivity values were normalized with respect to highest value, we observed an increasing trend from 0.88 (0°from c-azimuth) to 1 (90°from cazimuth). So, independently from the tested TLM area, the percentage drop in resistivity going from m-azimuth to c-azimuth was 12% for planar a-GaN sample [ Fig.  3(a) ]. However, as Fig. 3(b) shows, in the case of the SLEO sample, the anisotropic trend differs at different parts of the same sample with the same Si doping. For example, in TLM area 3 the percentage drop in relative resistivity was ∼10%, in TLM area 1 this value was ∼45%, and in TLM area 2 there was a scattered trend. Unlike planar films, the defect distribution in the SLEO films was inhomogeneous. The reported defect densities for SLEO films were averaged across the film, so for different areas this value could be either lower or higher than the average. Similarly, we observe a difference in anisotropic conductivity values at different areas of the sample. This varying trend throughout the sample suggested that the anisotropic conductivity was strongly correlated with defects.
In conclusion, we compared n-type electrical characteristics of defected planar and reduced defect density SLEO a-plane GaN samples at varying Si doping levels. The threading dislocation density of SLEO a-plane GaN templates was 3-4 orders of magnitude lower and the stacking fault density was 1-2 orders of magnitude lower compared with the planar a-plane GaN templates. The highest mobility observed was 261.12 cm 2 /Vs at Hall concentration of 1.05 × 10 19 cm −3 for reduced defect density SLEO material. It exhibited ∼2.5 times higher electron mobility with ∼12% higher Si ionization compared to planar samples. And in average the carrier concentration was ∼7%-8% higher in reduced defect density SLEO films compared with its planar a-plane counterparts. The anisotropic conductivity was found to be a function of defect density. 
